Human nephrons are formed during fetal life through an interaction between the branching ureteric bud and progenitor cells. The wide variation in final nephron number has been attributed to allelic variants of genes regulating ureteric bud arborization. Here, we hypothesize that dysfunctional variants of the Odd-Skipped Related 1 (OSR1) gene which compromise the renal progenitor cell pool might also limit newborn kidney size and function. We show that OSR1 is expressed in human mesenchymal stem cells, the blastemal component of Wilms tumors and CD241/CD1331 progenitor cells isolated from the mature kidney. We identified an OSR1 rs12329305(T) allele in 6% of normal Caucasians which alters an exon2 splice enhancer. This variant is predicted to reduce spliceosome-binding affinity and stability of the OSR1 mRNA. In cultured cells, the OSR1 rs12329305(T) allele produced no identifiable transcript. Normal Caucasian newborns from Montreal with the OSR1 rs12329305(T) allele had kidney volume 11.8% smaller (P 5 0.006) and cord blood cystatin C levels 12.6% higher (P 5 0.005) than those with wild-type genotype. Effects of the OSR1 rs12329305(T) allele are additive with genes that alter ureteric bud branching. Kidney volume was reduced more in newborns bearing both RET rs1800860(A) and OSR1 rs12329305(T) alleles (22%, P 5 0.0008) and cystatin C was increased by 17% (P 5 0.006) versus newborns with wild-type alleles. Although only two subjects had PAX2 rs11599825(A) and OSR1 rs12329305(T) alleles, kidney size was reduced by 27% and cystatin C was increased by 14% versus wild-types (P 5 NS).
Human nephrons are formed during fetal life through an interaction between the branching ureteric bud and progenitor cells. The wide variation in final nephron number has been attributed to allelic variants of genes regulating ureteric bud arborization. Here, we hypothesize that dysfunctional variants of the Odd-Skipped Related 1 (OSR1) gene which compromise the renal progenitor cell pool might also limit newborn kidney size and function. We show that OSR1 is expressed in human mesenchymal stem cells, the blastemal component of Wilms tumors and CD241/CD1331 progenitor cells isolated from the mature kidney. We identified an OSR1 rs12329305(T) allele in 6% of normal Caucasians which alters an exon2 splice enhancer. This variant is predicted to reduce spliceosome-binding affinity and stability of the OSR1 mRNA. In cultured cells, the OSR1 rs12329305(T) allele produced no identifiable transcript. Normal Caucasian newborns from Montreal with the OSR1 rs12329305(T) allele had kidney volume 11.8% smaller (P 5 0.006) and cord blood cystatin C levels 12.6% higher (P 5 0.005) than those with wild-type genotype. Effects of the OSR1 rs12329305(T) allele are additive with genes that alter ureteric bud branching. Kidney volume was reduced more in newborns bearing both RET rs1800860(A) and OSR1 rs12329305(T) alleles (22%, P 5 0.0008) and cystatin C was increased by 17% (P 5 0.006) versus newborns with wild-type alleles. Although only two subjects had PAX2 rs11599825(A) and OSR1 rs12329305(T) alleles, kidney size was reduced by 27% and cystatin C was increased by 14% versus wild-types (P 5 NS).
INTRODUCTION
The Odd-Skipped Related 1 (Osr1) gene encodes a zinc finger transcription factor that is expressed in the germ ring mesendoderm and subsequently in the inner core of intermediate mesoderm that gives rise to the metanephric kidney; mice with homozygous inactivation of Osr1fail to form the intermediate mesoderm and die in utero with cardiac defects and renal agenesis (1, 2) . Using a reporter transgene knocked into the murine Osr1 locus, Mugford et al. (3) showed that Osr1(+) cells give rise to the nephric duct and interstitial mesenchymal lineages between embryonic days 7.5 -11.5, but by the time nephrogenesis begins, Osr1 expression is restricted to the pool of self-renewing progenitor cells that will form nephrons. Osr1 lies genetically upstream of the Pax2/Eya1/ Hox11 complex that drives Gdnf dependence in the growth of the ureteric bud and upstream of Six2 in the cap mesenchyme (1, 3, 4) . Osr1 expression is downregulated as the cap mesenchyme cells respond to Wnt9 signals from the ureteric bud tip and undergo the mesenchyme-to-epithelium transition (3). However, Osr1 expression is maintained in the uninduced cap mesenchyme throughout the period of nephrogenesis where it is thought to maintain the nephron progenitor pool (3 August 5, 2011 In this study, we demonstrate that OSR1 expression is evident in human mesenchymal stem cells shed into amniotic fluid, in the blastemal component of Wilms tumors and in CD24+/CD133+ progenitor cell niches persisting in the adult kidney. We reasoned that if OSR1 is crucial for nephrogenesis in humans as it is in mice, then genetic variation in OSR1 might contribute to the known variance in congenital nephron number. We identified a rare variant (OSR1 rs12329305(T) ) of the human OSR1 gene which disturbs its normal mRNA splicing and examined its relationship to kidney size and function in a cohort of healthy-term newborns from Montreal.
RESULTS

Expression of OSR1 in mesenchymal progenitor cells
OSR1 mRNA is detected in mesenchymal stem cells isolated from human amniotic fluid (amMSC) (Fig. 1) or human bone marrow (bmMSC) (Fig. 1) . As noted by others (1), we identified Osr1-expressing cells in the outer rim of the metanephric mesenchyme in the embryonic mouse kidney (E15) (in situ hybridization) (Fig. 2) . Lower levels of Osr1 mRNA persist in emerging nephrons derived from the metanephric mesenchyme (Fig. 2) . In the postnatal (5 months) human kidney, OSR1 mRNA has been sharply downregulated except for small foci of cells near or within the parietal wall of Bowman's capsule (Fig. 3A) . In the adult human kidney, OSR1 expression is detected by RT -PCR in CD24+/ CD133+ cells isolated from the adult human kidney by immunomagnetic sorting (Fig. 3B) (5) . OSR1 mRNA is strongly expressed in the blastemal component of Wilms tumor tissue from a 5-month-old child (Fig. 4) and is detected by RT -PCR in a primary Wilms tumor cell line (WitS) (6) (Fig. 1) .
The human OSR1 rs12329305(T) allele is associated with reduced newborn kidney size and increased umbilical cord cystatin C level Since homozygous inactivation of Osr1 completely abolishes development of the metanephric mesenchyme during embryogenesis, we reasoned that any human bearing a dysfunctional variant of the OSR1 gene might have altered renal progenitor pools leading to reduced kidney size and function at birth. We scanned the NCBI dbSNP and HapMap databases and identified an interesting human OSR1 variant (rs12329305 (C/T) ; minor T allele frequency ¼ 2.9%) within an exonic splicing enhancer (ESE) motif in exon 2, which is predicted to reduce affinity for the splicing machinery (see Materials and Methods).
To examine the effect of the OSR1 rs12329305(T) allele on newborn kidney size and function, we then genotyped a previously described cohort of healthy-term newborn Caucasian infants from Montreal (7) for the OSR1 rs12329305(C/T) SNP. We found that 6% of the babies were heterozygous for the OSR1 rs12329305(T) allele. This conforms to the Hardy -Weinberg equilibrium (P . 0.05). SNP frequencies in our cohort (Table 1) were similar to those reported in the CAUC1 and CEU populations (NCBI dbSNP database). To confirm that there was no evidence of population stratification, we examined genotype distribution for 10 other SNPs unlinked to the OSR1 rs12329305(C/T) locus; all 10 SNPs conformed to the Hardy -Weinberg equilibrium, as seen in a P -P plot (Supplementary Material, Fig. S1 ). Furthermore, we genotyped each subject for 29 additional SNPs in the RET, PAX2 and GDNF genes and compared minor allele frequencies (MAFs) with those in other HapMap populations. MAFs in our cohort are tightly correlated (r ¼ 0.956) with those in the CEU (Caucasian) cohort, but show no correlation (r ¼ 0.079) with the YRI (Sub-Saharan African) population (Supplementary Material, Table S2 and Fig. S2 ).
In our cohort, total kidney volume factored for body surface area (KidVol/BSA) in newborns with an OSR1 allele (117.35 + 13.71 ml/m 2 ) was 11.8% smaller than that in newborns homozygous for the wild-type OSR1 rs12329305(C) allele (P ¼ 0.006) ( Table 1 ). The OSR1 rs12329305(T) allele was also associated with a 12.6% increase in cord blood cystatin C concentration (2.06 + 0.17 mg/l) compared with that in OSR1 rs12329305(C/C) babies (1.83 + 0.33 mg/l) (P ¼ 0.005) ( Table 1) .
To determine whether the effects of OSR1 alleles are additive to the effects of other gene variants associated with newborn renal hypoplasia, we also genotyped each infant for the previously reported PAX2 rs11599825(A) and RET rs1800860(A) polymorphisms (7, 8) .
Five newborns carried both a RET rs1800860(A) and an OSR1 rs12329305(T) variant allele. In this subgroup, kidney size was significantly decreased by 22% (P ¼ 0.0008) and umbilical cord cystatin C was increased by 17% (P ¼ 0.006) compared with newborns bearing two wild-type alleles (Table 2) .
Two newborns had a combination of PAX2
rs11599825(A) and OSR1 rs12329305(T) variant alleles; their mean kidney size was reduced by 27% and umbilical cord cystatin C was increased by 14%, compared with babies with two wild-type alleles (Table 2 ). However, with only two such infants, these differences were not statistically significant.
Dysfunction of the OSR1 rs12329305(T) allele
Although the OSR1 rs12329305(T) variant does no't alter the coding sequence, we used the Mfold program to calculate the effect of the SNP on the tertiary mRNA structure. The computed minimum folding energy of the OSR1 transcript was increased from DG ¼ 248.35 kcal/mol (OSR1 , which reduces its stability and substantially alters the most likely tertiary structure (9 -11) . To confirm that the OSR1 rs12329305(T) allele compromises expression of wild-type OSR1 mRNA, we examined allele-specific mRNA expression in a WitS which was heterozygous for the OSR1 rs12329305(C/T) SNP. The OSR1 exon 2 was amplified from genomic DNA (PCR) and cellular mRNA (RT-PCR), using high-sensitivity sequencing technology to quantify each allele-specific amplicon (12) . Whereas genomic DNA showed two peaks corresponding to the rs12329305(C) and rs12329305 (T) alleles, only the OSR1 rs12329305 (C) allele was identified by RT -PCR (Fig. 6 ).
DISCUSSION
Nephron number varies widely among normal humans, even after factoring for variation in body size (13) . During fetal life, signals from the tip of each branch tip of the arborizing ureteric bud branch recruit nearby progenitor cells to differentiate and form individual nephrons fused to the common collecting tubule. Thus, final human nephron number is arguably set by the extent of ureteric bud branching prior to 36 weeks of gestation, when the progenitor cell pool is depleted and branching nephrogenesis comes to an end. Since human nephron number varies nearly 5-fold, we hypothesized that this might be due to polymorphic variation in the genes which regulate either the ureteric bud branching or progenitor pool size. In previous studies, we identified a common allelic variant of the human PAX2 gene (PAX2
) which compromises the anti-apoptotic effects of PAX2 during kidney development; this allele is associated with a 10% decrease in newborn kidney size (7) . We also reported a variant of the human RET gene (RET rs1800860 (A) ) that disrupts its normal mRNA splicing and leads to a 10% reduction in newborn kidney size and a 9% increase in umbilical cord cystatin C (8) . Finally, we found that the human ALD-H1A2 rs7169289(G) allele is associated with an increased umbilical cord retinoic acid level and 20% increased newborn kidney size (14) ; retinoic acid strongly stimulates branching nephrogenesis (15) . Each of the variant alleles above presumably influences nephron number through an effect on ureteric bud arborization. However, in this study, we provide the first evidence that final human nephron number might also be set by genes that establish or sustain the pool of renal progenitor cells in fetal kidney. In mice, kidney stem cells in embryonic intermediate mesoderm are critically dependent on expression of Osr1; mice with homozygous inactivation of the Osr1 gene fail to form metanephric mesenchyme (1, 2) .
In our cohort of healthy Caucasian newborns from Montreal, 6% were heterozygous for an SNP that disturbs the exonic splicing sequence in OSR1 exon 2. This is similar to the 5% allele frequency reported in the CEU population (NCBI dbSNP database). Using ESEfinder software, we calculated that the SNP would reduce affinity for binding to SC35 protein in the spliceosome. Furthermore, if any wild-type splicing did occur, the resultant transcript is predicted to be thermodynamically less stable. Our in vitro studies with a heterozygous cell line from a Wilms tumor showed that no detectable wild-type or aberrant transcript was detected from the OSR1 rs12329305(T) allele. Thus, OSR1 rs12329305(T) functions as a null allele and only heterozygous babies were noted in our cohort. By sequence analysis of PCR amplicons, 176 normal-term Caucasian newborns from Montreal were genotyped for the human OSR1 rs12329305 (C/T) . Genotype frequencies in our cohort are similar to those reported for the CAUC and CEU populations in the NCBI dbSNP and HapMap databases. Results are reported as mean + standard deviation (95% confidence intervals). Total renal volume adjusted for body surface area (KidVol/BSA) in newborns bearing OSR1 rs12329305(T) alleles was 11.8% less than that of homozygous OSR1 rs12329305(C/C) newborns ( * P ¼ 0.006). Umbilical cord blood cystatin C concentration in babies with OSR1 rs12329305 (T) alleles was 12.6% higher than that in homozygous OSR1 rs12329305(C/C) newborns ( * * P ¼ 0.005). 
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Interestingly, however, a small number of homozygotes have been reported in Sub-Saharan African populations (HapMap YRI and LWK) where the OSR1 rs12329305(T) is more prevalent than in Caucasians. This suggests either that the apparent effect of the SNP on newborn kidney size, cord cystatin C level and transcript expression have all occurred by chance or that some compensatory mechanism diminishes the clinical impact of the OSR1 rs12329305(T) allele in humans compared with mice. Mammals also express a homologous (65%) gene (OSR2) in the intermediate mesoderm, at sites of epithelial-mesenchymal interaction including embryonic kidney (16) . Conceivably, OSR2 partially compensates for loss of human OSR1 function during renal development, whereas it is unable to do so in mice.
Osr1 is the earliest known transcription factor expressed in the metanephric mesenchyme (1, 2) . In homozygous Osr1 knockout mice, the intermediate mesoderm is devoid of cells expressing Pax2/Eya1 and Six2/Cited1 genes and no nephrons are formed (1). PAX2 and EYA1 proteins normally regulate the GDNF expression, which guides in the growth of the ureteric bud, whereas SIX2 and CITED1 are thought to delay the differentiation cascade following an inductive signal (4). In the fate-mapping studies in heterozygous Osr1(+/2) mice by Mugford et al. (3) , nephron number was not assessed, but nephron structure was apparently normal and there was no evidence of renal dysplasia. Thus, loss of one OSR1 allele may affect progenitor pool size; this is associated with reduced nephron number in humans, but does not appear to affect later differentiation events during nephrogenesis, such as the mesenchyme-to-epithelium transition.
During embryogenesis, CD24+/CD133+ progenitor cells within the metanephric mesenchyme gradually decline (5) . By the time of birth in humans, nephrogenesis comes to an end and the outer rim of the metanephrine mesenchyme seen in the embryonic kidney is no longer evident. Recently, Lazzeri et al. have shown that small clusters of CD24+/CD133+ cells are retained at niches near the urinary pole of Bowman's capsule (17) . These cells can be isolated from both fetal or adult human kidneys (5, 17) . Here, we show OSR1 mRNA is expressed in CD24+/CD133+ isolated by immunomagnetic sorting from the adult kidney. By in situ hybridization, we demonstrate OSR1 mRNA at the edge of a glomerulus from pediatric kidney. OSR1 expression is completely absent elsewhere in the mature kidney but is seen in mesenchymal stem cells isolated from human amniotic fluid or in the blastemal component of Wilms tumors. Thus, OSR1 may have a function in the stem-like cells in the kidney that are postulated to maintain nephron integrity throughout life.
In addition to its critical role in establishing the progenitor cell pool in embryonic kidney, OSR1 may oppose Figure 6 . Allele-specific mRNA expression in heterozygous OSR1 rs12329305(C/T) cells. From a panel of OSR1-expressing human cells lines, we identified a primary WitS which expressed both OSR1 rs12329305(C) and OSR1 rs12329305(T) alleles. An exon 2 amplicon from genomic DNA showed both alleles, one containing a C and the other containing a T at c.957. However, when exon 2 was amplified from reverse-transcribed mRNA, only the common wild-type OSR1 rs12329305(C) allele was identified.
Human
differentiation of stem cells. Ectopic overexpression of Osr1 in chick embryos blocks differentiation of renal tubules. We noted high levels of OSR1 mRNA expression in the blastemal (but not stromal or epithelial elements) in a classical triphasic WT1(2) Wilms tumor. Conceivably, OSR1 overexpression contributes to the developmental arrest of stem-like 'blastemal' cells in Wilms tumor and in the adjacent 'nephrogenic rests' which are thought to represent the first step in Wilms tumorigenesis.
In conclusion, OSR1 is expressed in mesenchymal stem cells from amniotic fluid and in renal progenitor cells from the adult kidney. We speculate that OSR1 is essential for the maintenance of the renal stem cell pool and that aberrant overexpression in Wilms tumor cells contributes to the developmental arrest. We identify a dysfunctional OSR1 allele occurring in 6% of the normal population which is associated with reduced newborn kidney volume and increased umbilical cord cystatin C. We speculate that this OSR1 rs12329305(T) allele compromises the renal progenitor pool during primary nephrogenesis and could influence nephron maintenance in adult life.
MATERIALS AND METHODS
Cell culture
We screened 12 human cell lines expressing human OSR1 to identify a line heterozygous for the OSR1 
Reverse transcriptase -PCR analysis
Total RNA was isolated from cells using Qiagen RNeasy Mini-plus Kit with gDNA eliminator column (Qiagen, Mississauga, Ontario, Canada). Two-step reverse transcriptase -PCR (RT -PCR) was performed; first-strand cDNA was primed with random hexamers and TaqMan MultiScribe Reverse Transcriptase according to the manufacturer's instructions (Applied Biosystems, Foster City, CA, USA). The RT -PCR primers are listed in Supplementary Material, Table S1 .
Isolation of CD241/CD1331 cells and real-time quantitative RT -PCR
CD24+/CD133+ renal progenitor cells were isolated from human adult and fetal kidneys, using immunomagnetic beads, as described previously (5, 17, 18) . Adult normal renal tissues were obtained from four patients nephrectomized because of renal cell carcinoma, and normal fetal renal tissue (8.5 -11 weeks of gestation) was obtained from four patients who underwent a therapeutic abortion. All the procedures were approved by the Ethical Committee on human experimentation of the Azienda Ospedaliero-Universitaria Careggi, Florence, Italy.
Quantification of OSR1 and GAPDH mRNA levels was performed using Assay on Demand kits (Applied Biosystems, Warrington, UK), according to the manufacturer's recommendations, and TaqMan RT-PCR was performed using a 7900HT Real Time PCR System (Applied Biosystems) as previously described (5, 17, 18) . To accurately compare samples, identical number of cells (n ¼ 10 000) were analyzed in all experiments, and GAPDH was used to evaluate mRNA quality and integrity and to normalize the results.
Study population
For association studies, healthy-term Caucasian infants (n ¼ 176) born to Montreal women with uncomplicated pregnancies were recruited with informed consent at the final prenatal clinical visit to the Royal Victoria Hospital (Montreal, Quebec, Canada). Subjects were recruited on the basis of French-Canadian or British family name and Caucasian phenotype. Caucasian ethnicity of the cohort was confirmed by showing that MAFs for 39 SNPs in the OSR1, PAX2, RET and GDNF genes were tightly correlated with those in the European CEU population but not with MAFs in Sub-Saharan African populations (Supplementary Material, Table S2 and Fig. S2 ). Mothers with twins, diabetes, intrauterine growth restriction, genetic abnormalities, renal malformations, hydronephrosis, or delivery at ,36 weeks and newborns with low birth weight (,2500 g) or low serum albumin were excluded. Subjects were recruited with informed consent and the study (PED-04-016) was approved by the Montreal Children's Hospital Research Ethics Board.
Newborn kidney volume and function and human kidney samples
Left and right kidney volumes were measured by ultrasonography in newborns within the first 48 h of life as previously described (7) . Serum cystatin C (a surrogate for newborn GFR) was measured by nephelometry as previously described (8, 19, 20) . Tissue from a Wilms tumor and an adjacent normal kidney were obtained with informed consent at the time of nephrectomy in a 5-month-old boy.
Computational analysis of SNPs
The NCBI dbSNP database was screened for common (.1%) coding SNPs in the human OSR1 gene in Caucasian population. One synonymous SNP (OSR1 rs12329305C/T ) was identified within an ESE in exon 2. Using the RESCU-ESE program (http://genes.mit.edu/burgelab/rescue-ese/) (21), binding affinity of the exon2 rs12329305(T) polymorphism for the SC35 protein of the mRNA spliceosome is reduced (affinity score 0.93) compared with the wild-type C allele (affinity score 2.66). This is predicted to reduce binding affinity below the theoretic threshold (.2.4) for effective interaction with SC35.
SNP genotyping
Genomic DNA was isolated from umbilical cord blood with the FlexiGene DNA Kit (Qiagen) according to the 
Allelic imbalance analysis
The heterozygous WitS was used for allelic expression analysis. Total RNA and genomic DNA were isolated in triplicate from the cells. PCR (DNA) and RT -PCR (mRNA) amplicons were sequenced in duplicate as described by Pastinen et al. (12) . Sequencing primer sequences did not contain any known SNPs and were used to amplify each RNA and DNA sample in duplicate (PCR and RT -PCR primers are summarized in Supplementary Material, Table S1 ).
In situ hybridization with DIG-labeled cRNA riboprobes
Sense and antisense DIG-labeled riboprobes were generated by amplifying a 635 bp fragment of a conserved portion of exon 2 in the human and mouse OSR1 genes, using the following primers: 5 ′ -ATGGGCAGCAAAACCTTG-3 ′ ; 5 ′ -A AGGCTTTGTGGCAGATGTC-3 ′ . The resulting fragment was cloned into a TA cloning vector. Riboprobes were generated with a DIG-dUTP cRNA probe synthesis kit (Roche, Mannheim, Germany).
All solutions were prepared in 0.1% DEPC water. E15 fetal mouse kidney, human normal kidney and human Wilm's tumor tissue were fixed at 48C overnight in 4% paraformaldehyde (PFA), transferred to 30% sucrose/PBS and snap-frozen in OCT (Sakura Finetek USA, Inc., Torrance, CA, USA). Cryosections were prepared on superfrost plus slides, treated with proteinase K (20 mg/ml) in 1× PBS and acetylated for 15 min in a solution containing 175 ml of acetic anhydride and 70 ml of 0.1 M triethanolamine. One hundred microliters of prewarmed hybridization solution (658C) was then added to the slides for 5 min at 658C. Before in situ hybridization, 1 ml of DIG-labeled cRNA probe (1 mg/ml) mixed with 100 ml of hybridization solution was denatured at 858C for 3 min and applied to the slides at 658C overnight. Posthybridization washing included 1× SSC/50% formamide for 30 min at 658C, TNE + RNase A (20 mg/ml) for 30 min at 378C, 2× SSC for 20 min, 0.2× SSC for 20 min at 658C, MABT for 5 min (twice) at room temperature, blocking with 20% goat serum/MABT for 1 h and DIG-AP (1:500) in 2% goat serum/MABT at 48C overnight in a humidified chamber. The slides were then rewashed three times with 1× MABT for 5 min and once in 1× NTMT (pH 9.5) for 10 min at room temperature. For color development, 2 -3 ml of prewarmed BM purple (378C; Roche) was applied for 1 -72 h (in the dark), and the slides were rinsed in 1× NTMT (pH 9.5) and fixed in 4% PFA/PBS for 10 min.
Statistical analysis
Data are presented as means + SD. Deviation from HardyWeinberg equilibrium was calculated by Fisher's exact test (GraphPad software). The significance of the difference between mean KidVol/BSA or mean umbilical cord blood cystatin C for newborns with OSR1 rs12329305(C) versus OSR1 rs12329305(T) genotypes was assessed by two-tailed, independent-samples t-test. All data were analyzed with SPSS for Windows 14.0 (SPSS, Chicago, IL, USA) and Microsoft Excel.
